The United States Environmental Protection Agency is committed to developing new recreational water quality criteria for coastal waters by 2012 to provide increased protection to swimmers.
INTRODUCTION
Recreational swimming is a popular activity in the United Monitoring programs measure FIB using culture-based laboratory techniques, some of which were originally developed over a century ago. The United States Environmental Protection Agency (USEPA) is now poised to revise the decades old recreational water quality criteria. There are new information, technologies and approaches that should be considered in updates to the old criteria and existing monitoring programs.
The advent of molecular measurement techniques provides the opportunity to greatly expand and improve monitoring programs. Methods which allow measurement of FIB in two hours are in late stages of development, greatly improving upon the 24 hours presently needed for laboratory analysis (Haugland et al. 2005; Noble & Weisberg 2005) .
Many of the same molecular technologies which allow for rapid measurement also provide opportunities for measuring new indicators or pathogens which are presently difficult to measure using laboratory culture techniques. In addition, a number of researchers have identified genetic markers which distinguish between microbial pollution originating from human or nonhuman fecal sources (reviewed by Stoeckel & Harwood 2007) . Source identification techniques potentially allow for establishment of source-dependent criteria, as human fecal material is thought to present a greater health risk to humans (NRC 2004) .
There are numerous regulatory hurdles and associated research needs which must be met before newly developed technologies can be incorporated into criteria and adopted in routine monitoring programs. Foremost among these is the need for epidemiology studies which quantify the relationship between the density of new indicators and health risk to swimmers. In March 2007, the USEPA gathered 43 experts from around the world to conceptualize the best approaches for criteria development and to identify research priorities which would assist them in developing criteria and transitioning new methods from the development to the implementation phase (USEPA 2007) . This article presents a summary of the findings from that workshop. We describe the current US recreational ambient water quality criteria and their shortcomings, introduce alternative approaches to new criteria development, critical research needs, and a path forward for new criteria development.
THE 1986 CRITERIA: A ONE-SIZE FITS ALL APPROACH
USEPA developed ambient water quality criteria in 1986 (USEPA 1986), hereafter referred to as the "1986 criteria". The 1986 criteria are based on the outcomes of epidemiology studies conducted at recreational beaches impacted by point discharges of municipal wastewater in the late 1970s at the Great Lakes, Oklahoma, Boston, New York, and Lake Ponchartrain in New Orleans (Cabelli et al. 1982; Cabelli 1983; Dufour 1984) . The studies aimed to identify relationships between FIB concentrations and the rates of recreational waterborne illness (RWI) (including gastroenteritis and fever) in swimmers. Geometric mean and single-sample standards were developed for enterococci and E. coli for freshwater, and enterococci for marine waters since these indicators best correlated to gastroenteritis in swimmers in the respective environments. The numerical standards were derived based on historically accepted swimming-associated gastroenteritis rates in freshwater and marine water of 8 and 19 out of 1,000 swimmers, respectively (USEPA 2004a). As the BEACH Act (2000) required coastal states to adopt the 1986 or more stringent criteria prior to 2005, the FIB-gastroenteritis relationships at beaches in the Great Lakes, Oklahoma, Boston, New York, and New Orleans became the bases of water quality standards in recreational waters around the country, from
Hawaii to Michigan to Florida.
Exceedances of water quality standards trigger actions aimed at protecting the health of the public and the environment. If measured FIB concentrations exceed state regulatory thresholds, health officials warn the public of potential risk of illnesses or close the beach to swimming.
Exceedances of the standards may result in a state listing the waterbody as "impaired" in accordance with Section 303(d) of the Clean Water Act. Listing a waterbody as impaired initiates the total maximum daily load (TMDL) process which ultimately leads to implementing remediative actions so that water quality standards can be met and designated uses, such as recreational water contact, can be attained.
RESEARCH REVEALS SHORTCOMINGS OF THE 1986 CRITERIA
Over the last few decades, the understanding of the ecology of FIB in the environment and their relation to RWI has advanced. Numerous shortcomings of the 1986 criteria have become evident. E. coli and enterococci are not just found in human sewage Although E. coli and enterococci are found in high concentrations in human sewage (Maier et al. 1999) , they are also highly prevalent in the environment. They are excreted in the feces of numerous warm blood animals (Parveen et al. 1999; Harwood et al. 2000; Ashbolt et al. 2001) . There is strong evidence that some genotypes of E. coli are naturalized-meaning they are adapted to persisting and even growing in extra-enteric environments like lakes, soils and sediments (Davies et al. 1995; Desmarais et al. 2002; Ishii et al. 2006 ). E. coli and enterococci can be found in a number of environmental reservoirs including soils and sands in tropical, subtropical and temperate climates (Fujioka et al. 1999; Byappanahalli et al. 2006; Yamahara et al. 2007) . Enterococci can be found on terrestrial grasses (Ott et al. 2001 ) and aquatic plants (Whitman et al. 2003) . If E. coli and enterococci measured at a beach during water quality monitoring emanate from these sources rather than municipal wastewater, then the FIB-gastroenteritis relationship upon which the 1986 criteria is based might not hold.
The FIB-gastroenteritis relationship may not be appropriate at many beaches (Fleisher et al. 1996; Haile et al. 1999) .
However, the USEPA found no relationship between FIB and respiratory illness in their epidemiology studies (Cabelli 1983; Dufour 1984 ) and therefore non-gastrointestinal illnesses were not addressed in the 1986 criteria. The 1986 criteria do not address risks associated with exposure to free-living water-based pathogens (e.g., Vibrio, Aeromonas spp., and Staphylococcus aureus) and cyanobacteria which are of concern in some geographic regions (Charoenca & Fujioka 1995; Dziuban et al. 2006 ).
Water quality characterization
The effectiveness of water quality criteria should be measured by an ability to correctly identify conditions when water exposure will lead to unacceptable disease levels. There is concern that the 1986 criteria do not accomplish this (Kim & Grant 2004 ).
E. coli and enterococci emanating from naturalized or non-fecal sources may result in the water body being incorrectly classified as impaired when the risk of illness is actually not above what had been determined to be acceptable. The development of best management practices and treatment technologies for removing FIB from waters where there are no obvious fecal inputs could be costly, destructive to natural ecosystems, and not substantively reduce the health risk of those using the water for recreation.
FIB concentrations in surface water are variable over time scales from minutes to years owing to variation in mixing, sunlight induced inactivation, infrastructure upgrades, and seasonal cycles of rainfall (Boehm et al. 2002; Roser & Ashbolt 2007) . Spatial variability has also been documented over scales of 10 m and more (Boehm et al. 2002; . It is particularly concerning that 
2004; Hou et al. 2006).
Intra-day variation of indicators due to sunlight, tides, and mixing presents a challenge to the utility of the 1986 criteria which rely, in part, on a single-sample exceedance standard as a management tool. Evidence is mounting that a single-sample of water reveals little about the water quality of an entire recreational site (Boehm 2007) .
Acceptable risk
The USEPA used different levels of public health protection for setting the 1986 criteria in fresh and marine waters, 8 and 19 illnesses per 1000 swimmers, respectively (USEPA 2004a). These "acceptable risk" levels correspond to the estimated level of public health protection afforded by the old fecal coliform criteria of 200 organisms/100 ml (USEPA 2004a) and, thus, to some degree represent a historical precedent. However, it is apparent that the public has never been formally interviewed about its knowledge of or willingness to accept risks during swimming. There is neither scientific nor social justification for providing more stringent protection for swimming in freshwater than marine water (USEPA 2004b).
The selection of health endpoints for the general population (Cabelli et al. 1982) for the 1986 criteria is somewhat concerning because there are specific life-stages when individuals may either be more highly exposed or more susceptible to RWI. In particular, children may face higher risks than the general population because they can have increased exposures (Dufour et al. 2006) It is based on the perspective that recreational water quality and protection of public health are best described by a combination of sanitary inspection and microbial water quality assessments. The WHO approach considers the probability of human fecal pollution in a recreational water (sanitary investigation category in Table 1 ), as well as observed levels of fecal pollution (microbial assessment of water quality category in Table 1 ), and combines them into a five-level classification scheme for recreational water environments. The microbial assessment criteria set risk ranges for acquiring gastroenteritis, while the sanitary investigation category describes the probability that human waste is contributing to poor water quality. The sanitary investigation category could be modified to include other sources of microbial pollution deemed to be a health threat (e.g., Ashbolt & Bruno 2003) , and the risk ranges can be altered to account for other RWI.
New criteria must meet seven requirements
We believe the new criteria should meet seven requirements (Table 2) . First, criteria must be health-based; that is, they must be anchored by results from epidemiology studies. Second, they must be compatible with all Clean Water Act needs (including BEACH Act updates), including water quality assessment for public notification at beaches and impaired water listings, development of TMDLs and their implementation, and National Pollutant Discharge Elimination System (NPDES) compliance monitoring and other permitting. Third, new criteria need to be scientifically defensible for application in a wide variety of geographical locations including fresh and marine waters, and temperate, subtropical, and tropical waters. Fourth, they need to be robust and flexible so that they can be configured to protect the public health of those exposed to recreational water impacted by all sorts of pathogen sources including animal feces, stormwater, and sewage. Fifth, criteria should be protective of children as a more exposed and susceptible life-stage. Sixth, they need to based on indicators that can be quantified reliably, robustly, and reproducibly. Seventh, they should be equally protective of all swimmers including those using freshwater and saltwater, regardless of geographic 3 Scientifically defensible for application in a wide variety of geographical locations and water types.
4 Protective of individuals exposed to recreational waters impacted by all sorts of pathogen sources including animal feces, stormwater, and sewage.
5 Protective of children as a more exposed and susceptible life-stage.
6 Based on indicators that can be quantified reliably, robustly, and reproducibly.
7 Equally protective of all recreation users including those using freshwater and saltwater, regardless of geographic locale.
locale, and those swimming in waters contaminated with microbial pollutants from diverse sources.
KNOWLEDGE GAPS AND RESEARCH NEEDS
We have identified four areas where research is needed before criteria that fulfills the requirements can be 
Identification of new fecal indicators and methods for their measurement
In the short term, we believe that new recreational criteria should be based on fecal indicators rather than pathogens because the levels of occurrence and the types of pathogens in municipal wastewater and other pathogen sources may vary greatly both temporally and spatially (Harwood et al. 2005 ). In the long-term, however, detection and enumeration of pathogens or groups of pathogens will be key for Understanding fate and transport differences between new and current indicators and pathogens in treated effluents and in recreational waters will better inform the use of those indicators for TMDL development and NPDES permitting.
There is evidence that nucleic-acid based detection of indicators will be problematic for NPDES permitting (He & Jiang 2005) . For example, in some preliminary experiments a 2 ppm chlorine residual in secondary treated sewage destroyed culturable enterococci within minutes.
However, there was no reduction or loss of either RNA or DNA targets of enterococci after eight hours of exposure to the disinfectant . If this preliminary work is confirmed, these methods may not have utility for determining appropriate concentrations of microbial pollutants in permitted discharges of treated wastewater.
Determination of appropriate indicators and means of coping with their variability
Enterococci and E. coli may not be appropriate indicators in all locations since they may be naturalized or present in sediments (Fujioka et al. 1999) . 
A PATH FORWARD
The new criteria will need to balance flexibility and scientific robustness with the realities of implementation and USEPA's commitment to develop new criteria by 2012 (USEPA 2007). New criteria will not only need to strengthen public health protection compared to the 1986 criteria, but will also need to provide a mechanism to ensure that the various Clean Water Act needs (NPDES permitting, TMDLs, and water quality assessment) can be met, as outlined in Table 2 .
The WHO approach (Table 1), provides valuable perspectives from which new criteria could be developed within a context that is consistent with the Clean Water Act, the BEACH Act of 2000, and criteria requirements (Table 2 ).
In particular, the sanitary investigation component of the WHO approach provides a mechanism to consider the relative risks associated with contamination from different sources in diverse waters. In the short term, however, it does not seem feasible to derive criteria based on multiple risk levels (columns in Table 1 fresh, tropical marine) compared to the current criteria which account for one source (treated municipal wastewater) and two types of waterbodies (fresh and marine).
All seven criteria requirements (Table 2 ) must be met for the 2012 criteria and this will require substantial effort.
Thus, we believe it is imperative that the USEPA partner with various academic, state, and other federal agencies to pursue the needed research objectives. The time has come to renew our commitment to the protection of swimmable waters in the US. New criteria should reflect over 25 years of new research in order to better protect the public health of the hundreds of millions of people who swim in US waters every year.
